relations in saponin-skinned trabeculae from control and myopathic tissue were superimposable. Ryanodine (1 ,M) had no effect on the force-pCa relation in skinned fibers. Maximal tension was evoked by the posttetanic twitch, which was larger than the tetanus. This potentiation was abolished in the presence of ryanodine, a sarcoplasmic reticulum inhibitor. We propose that the changes in the steady-state force-[Ca2+] relations are correlated with alterations in the sensitivity of the myofilaments to Ca2 whereas changes in the peak force-peak iCa2+]j relations represent temporal changes in the twitch transient. In both intact aequorin-loaded trabeculae and saponin-skinned fibers, there were no differences in the force-[Ca2+] relation between control and myopathic hearts, indicating that the Ca2' sensitivity of the myofilaments is unaltered in the diseased myocardium. This leads us to the conclusion that the steady-state force-[Ca2+]j relation can be used reliably to estimate sensitivity changes at the level of the myofilaments in lieu of the peak force-peak [Ca2+11 relation. (Circulation 1990;82:1266-1278 T Nhe strength of contraction in the heart is calcium in the vicinity of the myofilaments and force related to intracellular calcium concentradevelopment is crucial to understanding the regulation ([Ca2"]j).
isoproterenol shifted this relation to the right. Experiments using skinned fiber preparations were performed in parallel with experiments on intact muscles from the same hearts. The force-pCa (-log[Ca2+I) relations in saponin-skinned trabeculae from control and myopathic tissue were superimposable. Ryanodine (1 ,M) had no effect on the force-pCa relation in skinned fibers. Maximal tension was evoked by the posttetanic twitch, which was larger than the tetanus. This potentiation was abolished in the presence of ryanodine, a sarcoplasmic reticulum inhibitor Muscle tetani were induced by stimulating intact muscles at 15-20 Hz for 4-6 seconds using stimulus pulses 50 msec in duration. Steady-state measurements were made during the first 4-6 seconds of the tetani. Tetani were reproducible when they were separated by an interval of at least 3 minutes during which muscles were stimulated at 0.33 Hz. Tetani were elicited at varying [Ca'+]0 from 0.5 to 16 mM in the presence or absence of several agents as described below. Phosphate was removed from the bathing medium during these determinations to avoid calcium precipitation.
Skinning Procedure
Suitable trabeculae (diameter, <250 ,um) obtained from the same human hearts were chemically skinned by exposure to a solution containing saponin, 250 ,gg/ml; Na2ATP, 5 mM; MgCl2, 7 mM; EGTA, S mM; KCI, 60 mM; imidazole, 60 mM; creatine phosphate, 12 mM; creatine phosphokinase, 15 units/ml; pH 7.1 at 200 C. This high concentration of saponin was chosen as it has been reported that it destroys the integrity of both the sarcolemma and sarcoplasmic reticulum. 3 The total salt concentrations necessary for obtaining the desired pCa, pMg, pMgATP, and pH at a constant ionic strength were calculated using the program described by Fabiato and Fabiato.18 The absolute stability constants used for calculating the compositions of the solutions were as reported by Fabiato.19 The solutions were prepared at a temperature of 200 C, with a pMg of 2.5, a pMgATP of 2.5, an EGTA concentration of 10 mM, an ionic strength of 0.16 M,20 and a pH of 7.1 adjusted using 30 mM N-tris(hydroxymethyl)methyl-2-aminoethanesulfonic acid (TES). The solutions also contained 12 mM creatine phosphate and 15 units/ml creatine phosphokinase. The skinned muscles initially were subjected to a relaxation-activation cycle using the method of Moisescu and Thieleczek.2' The relaxation solution had a pCa greater than 8.0, and EGTA was replaced with HDTA (hexamethylenediamine N,N,N',N'-tetraacetic acid). The activation solution had a pCa of 4.0. During the relaxation cycle, the muscle length was adjusted to a length at which an increase in resting tension first was observed as described by Maughan et al. 22 
Force-fCa2] Analysis
The force versus [Ca2+] curves were fit to a modified Hill equation: [ Figure 5 , the curves for tetani in the presence and absence of ryanodine are compared with the curves for isometric contractions in the presence and absence of ryanodine. As with skinned fiber preparations, the tetani curves in the absence and in the presence of ryanodine are superimposable. However, with isometric contractions in intact muscle, the force-pCa curve shifted to the left in the presence of ryanodine. Effect of 3 Figure 10 compares the decay in posttetanic twitch force at two extracellular Ca21 concentrations in five control and eight myopathic hearts. The beat-dependent decay was slower at higher [Ca2+10 and in myopathic muscles.
To investigate the potential role of the sarcoplasmic reticulum in posttetanic potentiation, we studied the effects of ryanodine. The addition of ryanodine resulted in posttetanic depression (Figure 10 , lower panel). There was a beat-dependent increase in posttetanic twitch amplitude in the presence of ryanodine as opposed to a beat-dependent decay in the absence of ryanodine. The relation between peak force and peak [Ca2+]i for the posttetanic twitch was shifted to the right compared with the pretetanic twitch, as illustrated for a control muscle in Figure  11 . This shift is consistent with the large increase in
[Ca2 ]i associated with the first potentiated beat.
Some myopathic muscles with excessively prolonged force and calcium transients did not exhibit posttetanic potentiation. In these muscles, the sarcoplasmic reticulum was impaired; therefore, the behavior was similar to ryanodine-treated muscles.
Discussion

Tetanization of Human Myocardium
It generally has been held that mammalian myocardium cannot be tetanized because of the temporal overlap between the cardiac action potential and the associated contraction. However, in ventricular muscles from certain mammalian species, for example, the shrew24 and the rat,25 where the action potential is short, it is possible to induce tetanus. In this case, voltage-dependent calcium channels can be activated and deactivated fast enough to allow the repetitive stimulation to gradually increase intracellular Ca2`.
Interventions such as the addition of ryanodine, which impairs the sarcoplasmic reticulum, have been used previously to tetanize mammalian ventricular muscle.11,13,26 In the presence of an impaired or poorly developed sarcoplasmic reticulum,27 the time course of the twitch becomes very long. Subsequent stimulations introduce more Ca21, consequently increasing the myofibrillar Ca2+ interaction, which results in summation and tetanus.
We propose that tetani can occur if calcium handling by the sarcoplasmic reticulum is slow or impaired and/or the refractory period of action potential is short enough to produce an almost continuous entry of Ca2+. The present experiments show that human cardiac muscle, despite having relatively prolonged action potentials, can be tetanized in the absence of pharmacological agents. In human myocardium, the sarcoplasmic reticulum is relatively slower compared with other mammalian cardiac tissue and is impaired in muscles from diseased hearts. Delayed inactivation of calcium channels also would result in a continuous entry of Ca'+, producing tetanization. Table 1 , we found that maximal Ca'+-activated force is higher in intact tetanized muscles than in skinned fiber preparations. Because skinning with saponin causes the fibers to swell, as shown in histological stains,3 it can be argued that the skinning procedure increases the intrafilament spacing and therefore decreases the developed force.28 29 Recently, Matsubara et a130 have shown that there is an optimal intrafilament spacing at which skinned fibers develop maximum force that correlates well with the intrafilament spacing in the intact tissue. Another difference between skinned fiber preparations and intact muscle is the calcium concentration required for 95% activation. We found that the steady-state force- However, skinned muscle preparations from the same human hearts exhibited a lower calcium sensitivity.
The discrepancy between [Ca2]95% in intact versus skinned preparations from the same hearts may be due to depletion of membrane bound phospholipids, peptides, amino acids, and soluble cofactors that determine the sensitivity of the myofilaments to calcium. We also should note that our skinned fiber experiments were performed at 200 C, whereas the intact preparations were tetanized at 30°C. Recently, Harrison and Figure 9 , the posttetanic potentiation was associated with an increase in the [ [Ca>] j, which then equilibrates with internal calcium stores (i.e., calcium stored in the sarcoplasmic reticulum and/or mitochondria). In the presence of ryanodine (which interferes with calcium handling by the sarcoplasmic reticulum), the posttetanic twitch was not potentiated and actually was smaller than the pretetanic twitch, similar to the findings of Yue et al.11 This suggests that the sarcoplasmic reticulum provides the calcium that is released during posttetanization.
Although the posttetanic twitch largely was potentiated as compared with the pretetanic twitch and the tetanus, the relation between peak force and peak significantly affected by tetani. Another explanation could be that during the repeated stimuli, a large flux of Ca>2 enters the cell through the sarcolemma, activating the myofilaments and loading the sarcoplasmic reticulum. After the tetanus, the sarcoplasmic reticulum accumulates the Ca2+, activating the myofilaments in addition to the transarcolemmal Ca2+, which would lead to a larger and faster release of the stored Ca>2 during the posttetanic twitch. 43 These results would suggest that at specific small
[Ca2+]0, it is possible to evoke a maximal twitch that is larger than the steady-state level of the tetanus. 
